Abstract Arbutin is a very safe whitening agent for human skin. Since it is more expensive than other agents and has a challenging synthesis, novel methods to obtain this valuable agent are needed. In this study, we developed a precise and accurate method to detect and quantify arbutin using stable isotope dilution liquid chromatography-mass spectrometry (LC-MS). One challenge that needed to be overcome was the matrix effect occurring during the LC-MS analysis due to the analyte ionisation enhancement or suppression in the electrospray ionisation source by coeluting compounds. Notably, arbutin had different matrix effects in the various sample matrices. A solution to this problem was the use of [d 4 ]-arbutin as a stable isotopelabelled internal standard (SIL-IS), as it compensated the matrix effect of arbutin because it was affected by almost the same matrix effect. The validation of the developed method showed excellent linearity (r 2 = 1.000), precision (relative standard deviation B 2.5%), accuracy (recovery, 97.42-98.52%), limit of detection (0.03 lg/mL), and limit of quantification (0.1 lg/mL). Finally, the method of arbutin detection was applied to blueberry leaves to compare the precision and accuracy results obtained by performing stable isotope dilution using LC-MS and gas chromatography-mass spectrometry. The method was applied to strawberry leaves and pear peels, indicating that the SIL-IS method can be expected to find application in the arbutin analysis in other plants.
Introduction
Arbutin, a naturally occurring glycoside of hydroquinone, acts as an inhibitor of the enzyme tyrosinase, which converts tyrosine into melanin in the skin [1, 2] . For this reason, arbutin is widely used in cosmetics as the whitening agent for human skin. However, considering the fact that this chemical has reportedly exhibited hazardous effects such as nephrotoxic, hepatotoxic, carcinogenic, and mutagenic properties when tested on animals, it should be used with caution [3] . In addition, arbutin is more expensive than other whitening agents, such as ascorbic acid, hydroquinone, kojic acid, b-carotene, and a-tocopherol, and is difficult to synthesise. Therefore, in order to investigate novel methods to obtain this valuable agent, it is crucial to screen new potential natural plant resources. Previous studies have employed analytical methods such as thin layer chromatography [4] , micellar liquid chromatography [5] , capillary electrophoresis [6, 7] , high-performance liquid chromatography (HPLC) [8] [9] [10] , liquid chromatography-mass spectrometry (LC-MS) [11, 12] , and gas chromatography-mass spectrometry (GC-MS) [13] [14] [15] for screening and determining arbutin. Recently, mass spectrometry-based approaches have been increasingly employed for the determination of arbutin due to their high selectivity and sensitivity. However, the GC-MS method requires an additional step of derivatisation, i.e. by trimethylsilylation, which reduces the polarity of the functional groups of arbutin and makes it volatile [16] . In addition, the compounds resulting from the derivatisation step are unstable over time and include multiple TMS derivatives such as 5TMS and 4TMS arbutin derivatives [17] . To overcome these problems, previous studies employed the stable isotope dilution method with [d 4 ]-arbutin as an internal standard (IS), which successfully eliminates the issues of multiple TMS derivatives with low stability [17] .
Another method with high selectivity and sensitivity is the LC-MS analysis. However, this approach also has problems such as the matrix effect, which is the enhancement or suppression of the analyte ionisation in the electrospray ionisation (ESI) source by co-eluting compounds [18] [19] [20] , thereby making the data produced from the LC-MS less reliable. Importantly, since GC-MS generally employs electron impact ionisation, which is hard ionisation, it is not affected by the matrix effect due to the sufficient ionisation energy. In contrast, LC-MS uses ESI, which is soft ionisation, thereby inducing the matrix effect. For this reason, researchers have focused on developing various approaches to overcome this issue. [21] . These include approaches such as post-column standard infusion [22] , echo-peak technique [23, 24] , isotope dilution [25, 26] , and internal standard usage [27] . However, some of these techniques have certain disadvantages. For example, the post-column standard infusion does not provide a quantitative level by the matrix effect for targeting analytes [22] . Also, in the echo-peak technique, the ionisation efficiency which occurs from the matrix effect might be different even if the echo-peak elutes close to the target analyte [23, 24] . In addition, the internal standard usage approach applies structural analogues as ISs, which might have different retention times and be affected by different matrix effects than the analyte. Nevertheless, these issues could be solved by the isotope dilution method with the use of a stable isotope-labelled IS (SIL-IS), which represents a derivative of the target analyte in which several atoms are replaced by stable isotopes. Since the SIL-IS and analyte of interest have almost the same chemical structures and properties, they would co-elute and be affected by almost the same matrix effects. In addition, other bioactive compounds such as niacin, c-aminobutyric acid, and betaine have already been analysed using the stable isotope dilution method, which allowed for several challenges such as the matrix effect, TMS derivatives, and optimisation for rapid quantification to be solved [28] [29] [30] . However, problems such as cross-contamination and crosstalk in the ESI source should be carefully addressed and demonstrated through method validations [20] .
Until now, the detection of arbutin using the LC-MS method combined with an isotope dilution has not been reported. Therefore, in this study, we developed a novel isotope dilution LC-MS method for arbutin quantification using [d 4 ]-arbutin as an IS. Moreover, we analysed the matrix effect using two kinds of blueberry leaves, strawberry leaves, and pear peels. Finally, we compared this novel isotope dilution LC-MS method to the previously reported isotope dilution GC-MS method which employs the same SIL-IS [17] .
Materials and methods

Chemicals and samples
Highbush blueberry cultivars (Vaccinium corymbosum L. cv. Brigitta and Duke) and strawberries (Fragaria spp.) were cultivated at the experimental farm of the Incheon National University (Incheon, Korea), while pears (Pyrus pyrifolia) were purchased from the market. Blueberry leaves and pear peels were freeze-dried and then ground using a mortar and pestle. Strawberry leaves were ground in liquid nitrogen. The resulting samples were stored at -80°C before extraction. Additional compounds used in this study included [d 4 ]-arbutin (TLC Pharmaceutical Standards Ltd, Ontario, Canada), arbutin (C 98%, SigmaAldrich, St. Louis, MO, USA), salicin (C 99%, SigmaAldrich, St. Louis, MO, USA), N,O-bis(trimethylsilyl)trifluoroacetamide with trimethylchlorosilane (BSTFA containing 1% TMCS, Sigma-Aldrich, St. Louis, MO, USA), formic acid (99%, Wako Pure Chemicals Co. Ltd., Osaka, Japan), and acetonitrile (Honeywell Burdick and Jackson, NJ, USA). Tertiary distilled water was produced using a Millipore water purification system (Milli-Q Direct 8, Millipore, Molsheim, France).
Sample preparation and extraction
The powdered samples (10 mg) were added to methanol (1 mL) solutions of the internal standards ([d 4 ]-arbutin or salicin, 1 lg/mL), and the resulting mixtures were subjected to sonication for 30 min (1510R-DTH ultrasonic cleaner, Branson, Danbury, US). Then, each sample was centrifuged at 16,0009g and 5°C for 3 min (Tomy MX-307, Tomy, Tokyo, Japan). The supernatant was collected in a fresh tube, and the methanol fraction was subsequently evaporated using a centrifugal concentrator (CC-105, Tomy). When the GC-MS method was used, BSTFA (100 lL) was added to the resulting solution for the derivatisation step, and the mixture was incubated for 30 min at 60°C and 1200 rpm using Thermomixer Comfort (model 5355, Eppendorf AG, Hamburg, Germany). When the LC-MS method was employed instead, the dried samples were re-dissolved in tertiary distilled water (1 mL), filtered through a syringe filter (0.5 lm), and centrifuged (16,000 9 g, 5°C, 3 min), thereby skipping the derivatisation step.
Matrix effect of arbutin
The matrix effect represents the analyte ionisation efficiency in the sample matrix. In this study, the respective matrix effects in blueberry leaves, strawberry leaves, and pear peels were determined. As described above, 1.0 lg/ mL solutions of arbutin, [d 4 ]-arbutin, salicin standard solution, extracts of samples, and extracts of samples spiked with 1.0 lg arbutin were prepared. The resulting samples were analysed using LC-MS (n = 10). The percentage of matrix effect was calculated as follows: % ME ¼ 100 Â analyte area post extraction spiked À matrixÀ analyte area post extraction matrix Þ=analyte area standard . A matrix effect value of 100% indicates no effect, while values above and below 100% display an ionisation enhancement and suppression, respectively. Moreover, the matrix effect correction factor was calculated as follows: % ME Arbutin = % ME Internal standard ; where a matrix effect correction factor of 1.0 indicates that arbutin and the IS were affected by the same matrix effect.
Method validation for the arbutin assay
Nine calibration points with different quantities of arbutin (equivalent from 0.02 to 5.00 lg/mL) and a fixed amount of IS (1.00 lg) were prepared. The nine samples were analysed on the same day using LC-MS to determine the precision, accuracy, and linearity of the method. Then, quantitative calculations were done based on the corrected peak area ratios of arbutin and the IS. The precision was indicated as a percentage of the relative standard deviation (RSD%), while the accuracy was measured as a percentage of the recovery (recovery %). Both the precision and accuracy were determined from the calibration level. In order to evaluate the precision and accuracy of the method, three repetitions of the standard were performed using three different concentrations (0.63, 1.25, and 5.00 lg/ mL). The limit of detection (LOD) and limit of quantification (LOQ) were calculated by 3.3 a/b and 10 a/b, respectively, where a is the standard deviation of the y intercept of the calibration curve and b is the slope of the calibration curve. Method validation was performed according to appendix F of the AOAC guidelines [31] . The accuracy and precision of the LC-MS and GC-MS assays in the sample matrix were determined by analysing the blueberry leaves samples and the ones spiked with known concentrations of arbutin stock solution (n = 3, 0.10, and 0.20 lg) during the pre-extraction. In addition, the assays were performed intra-and inter-day (intra-day: examined within 1 day, inter-day: examined daily for 3 days).
LC-MS analysis
The determination of arbutin was performed on an Agilent 1260 Infinity HPLC (Agilent technologies, Santa Clara, CA, USA), which was equipped with an auto sampler, vacuum degasser, variable wavelength detector, and Agilent HPLC workstation. Arbutin was separated using Develosil ODS-UG-5 column (2.0 9 250 mm, Nomura Chemical, Seto, Japan) at 40°C. The mobile phase was acetonitrile with 0.1% formic acid (solvent A) and tertiary distilled water with 0.1% formic acid (solvent B). The flow rate was 0.3 mL/min, and the injection volume was 5 lL. ? m/z 309.1 (salicin).
GC-MS analysis
GC-MS was performed using a Rtx-5MS column (30 m length, 0.25 mm diameter, 0.25 lm thickness, Restek, Bellefonte, PA, USA). GCMS-QP2010 Ultra System (Shimadzu, Kyoto, Japan) was equipped with an autosampler (AOC-20i, Shimadzu) and running on a Labsolutions GCMSsolution software version 4.11 (Shimadzu). The samples (1.0 lL each) were injected with a 10:1 split ratio, and the temperatures of injection, ion source, and interface were 250, 230, and 280°C, respectively. Helium was used as the carrier gas, and the column flow rate was set to 1.0 mL/min. The oven temperature was kept for 2 min at an isothermal heating of 200°C, after which it was raised to 275°C at a rate of 6°C/min and maintained at that temperature for 2 min. The MS detector was in an electron ionisation mode with a selected ion monitoring mode at m/z 254 (arbutin), m/z 258 ([d 4 ]-arbutin), and m/z 361 (salicin). The mass spectra were generated during the runtime range of 2.00-16.50 min. All analytes were identified according to the retention times, and the respective mass spectra were confirmed by the standards.
Results and discussion
Matrix effect
The matrix effect is caused by the co-elution of compounds from the matrix which affects the ionisation efficiency and reproducibility of the ionisation source towards the target analytes. Since each sample has a different matrix effect and the data from the LC-MS analysis influenced by the respective matrix effect are less reliable, it is necessary to develop an analytical method which would limit the matrix effects of various samples [32] . In an effort to overcome this problem, we examined the matrix effects in blueberry and strawberry leaves, as well as pear peels, which are all known to contain arbutin [11, 33, 34] . Each sample was analysed in 10 replicates. The matrix effects of arbutin in the samples were found to be in the range of 53-78%, which indicated an ionisation suppression (Table S1 ). Lamien-Meda et al. [14] reported on the use of salicin as an IS in the GC-MS analysis of arbutin. In addition, another study presented a stable isotope dilution GC-MS analysis method using [d 4 ]-arbutin as an IS to overcome any problems connected to the stability of arbutin TMS derivatives [17] . The results from this method were then compared with the ones obtained when salicin was used as an IS. Therefore, in order to address the ionisation suppression, we compared the LC-MS assays resulting when salicin was used as an analogue IS and [d 4 ]-arbutin as an SIL-IS. When [d 4 ]-arbutin was employed as an IS, all analytes were detected within 6 min (Fig. 1A) . The (Table S1 ). Moreover, the % ME values for arbutin and salicin differed for the different sample matrices. Figure 2 shows a bar graph displaying the matrix effect correction factors under various sample matrix conditions. As can be observed, the matrix effect correction factors obtained when salicin was used as an IS deviated substantially from 1.00. When [d 4 ]-arbutin was employed as an SIL-IS, the % ME values of arbutin and [d 4 ]-arbutin were in the ranges of 52.82-89.73 and 60.73-78.1%, respectively (Table S1) , thereby indicating the similar ionisation suppression effects of arbutin and [d 4 ]-arbutin. Moreover, the matrix effect correction factors when [d 4 ]-arbutin was used as an IS were closer to 1.00 than the ones when salicin was used as a standard. Therefore, the problem of matrix effects in arbutin assays using LC-MS can be overcome by applying the stable isotope dilution approach.
Method validation using LC-MS
The calibration curve was determined using LC-MS with arbutin as a standard (0.02-5.00 lg/mL) and [d 4 ]-arbutin or salicin as an IS (1.00 lg/mL). The regression equation for [d 4 ]-arbutin was y = 0.8990x ? 0.0016, while for salicin it was found to be y = 0.1669x ? 0.0378. Furthermore, the correlation coefficients (r 2 ) for the [d 4 ]-arbutin and salicin methods were measured to be 1.000 and 0.986, respectively. The LOD and LOQ for the [d 4 ]-arbutin assay were calculated to be 0.03 and 0.10 lg/mL, respectively, while for the salicin assay these values were 0.33 and 0.99 lg/mL, respectively. Measurements on the precision (RSD%) and accuracy (recovery %) of the [d 4 ]-arbutin and salicin assays were taken in triplets with three different concentrations (0.63, 1.25, and 5.00 lg/mL) of arbutin standard within 1 day ( Table 1 ). The precision of both the [d 4 ]-arbutin and salicin assays was B 2.88%, which is within the acceptable range stated in the AOAC guidelines (for 10 lg/mL: B 7.3%, for 1 lg/mL: B 11.0%). While the accuracy of the [d 4 ]-arbutin assay (97.47-98.52%) was also within the acceptable range stated in the AOAC guidelines (10 lg/mL; 80-110%, 1 lg/mL; 80-110%), the accuracy of the salicin assay (67.93-130.10%) exceeded the reference values.
To assess the precision and accuracy of the method, blueberry leaf samples were prepared by spiking arbutin as a standard with two different concentrations (0.10 and 0.20 lg/mL). Intra-day and inter-day variations of the arbutin analysis were performed both via LC-MS and GC-MS using [d 4 ]-arbutin and salicin as ISs (Table 2) . When the LC-MS method was applied, the precision values for [d 4 ]-arbutin and salicin were B 2.8% in both the intra-day and inter-day variations, which is within the acceptable range stated in the AOAC guidelines (for 1 lg/mL: B 11.0%). While the accuracy of [d 4 ]-arbutin (102.47-109.72%) was within the acceptable ranges (for 1 lg/mL: 80-110%), the accuracy of salicin (103.38-121.88%) once again exceeded these values. The poor recovery % exhibited when salicin was used as an IS Between batches (n = 5), 3 days was caused by the ionisation suppression of the sample matrix effect, thereby indicating the lack of control over the matrix effect. Therefore, we developed and validated a method using [d 4 ]-arbutin as an IS which can control the matrix effect and have good precision and accuracy. Although repeatability tests for the validation of the [d 4 ]-arbutin method using both GC-MS and LC-MS showed higher precision and accuracy results than the salicin method, the GC-MS method was substantially more timeconsuming (30 min) than the LC-MS approach due to the additional derivatisation step required.
Next, the developed LC-MS method based on [d 4 ]-arbutin as an IS was used to detect arbutin in Brigitta (0.43 ± 0.01 lg/mg of dry weight, DW) and Duke (0.40 ± 0.01 lg/mg of DW) blueberry leaves, as well as strawberry leaves (0.16 ± 0.02 lg/mg of fresh weight, FW) and pear peels (6.86 ± 1.39 lg/mg of DW). The results from these measurements were in agreement with previous studies, which report the concentrations of arbutin in blueberry leaves and pear peels to be 0.35 ± 0.01 lg/ mg of DW and in the range of 0.92-27.70 lg/mg of DW, respectively [17, 35, 36] . To the best of our knowledge, the concentration of arbutin in strawberry leaves (Fragaria spp.) has not been previously reported.
In summary, by considering the matrix effect values, it was found that arbutin and [d 4 ]-arbutin exhibited almost the same matrix effect by co-eluting together, while salicin displayed a different matrix effect. Therefore, we developed a method for determining arbutin in plants using [d 4 ]-arbutin as an IS in an LC-MS analysis, which proved to be precise (precision B 2.5%, RSD%), accurate (accuracy 97.47-98.52%, recovery %), and sensitive (linearity, r 2 = 1.000). In addition, the overall process of ionisation suppression of the sample matrix effect showed good recoveries (102.47-109.72%) and matrix effect correction factors, thereby indicating that the matrix effect was overcome. Even though both the LC-MS and GC-MS methods using [d 4 ]-arbutin as an IS showed good precision and accuracy, the GC-MS approach was more time-consuming (by about 30 min) than the LC-MS one due to the additional derivatisation step during the sample preparation. All in all, the novel method presented herein using a stable isotope dilution approach is expected to obtain reliable results in determining and quantifying arbutin in many more sample matrices.
